Cytokinesis is accomplished by constriction of a cortical contractile ring. We show that during the early embryonic divisions in C. elegans, ring constriction occurs in two phases-an initial phase at a constant rate followed by a second phase during which the constriction rate decreases in proportion to ring perimeter. Cytokinesis completes in the same amount of time, despite the reduction in cell size during successive divisions, due to a strict proportionality between initial ring size and the constant constriction rate. During closure, the myosin motor in the ring decreases in proportion to perimeter without turning over. We propose a ''contractile unit'' model to explain how the ring retains a structural memory of its initial size as it disassembles. The scalability of constriction may facilitate coordination of mitotic events and cytokinesis when cell size, and hence the distance traversed by the ring, varies during embryogenesis and in other contexts.
INTRODUCTION
In animal cells, cytokinesis is accomplished by constriction of a cortical contractile ring. Contractile rings are composed of a network of protein polymers that includes actin filaments, bipolar filaments of the motor myosin II, and septin filaments. Contractile rings also contain the crosslinker anillin, which binds directly to all three filament types, and proteins that regulate actin nucleation, capping, polymerization, disassembly, and crosslinking (Eggert et al., 2006; Field et al., 2008; Wu and Pollard, 2005) .
Understanding the structural organization of the contractile ring and how it generates contractile stress is an important current challenge. Based on analogy to muscle, it has been proposed that contractile stress is generated via a ''sliding filament'' mechanism in which bipolar myosin filaments walk along actin filaments within organized sarcomere-like arrays (Schroeder, 1975) . The contractile ring has been examined by electron microscopy (EM) in a variety of experimental systems, including several marine invertebrates, newts, vertebrate cultured cells, fission yeast, and the single-celled ciliate Nassula (Schroeder, 1968 (Schroeder, , 1970 (Schroeder, , 1972 Selman and Perry, 1970; Arnold, 1969; Tucker, 1971; Maupin and Pollard, 1986; Kamasaki et al., 2007) . In all cases, a thin (0.1-0.2 mm) layer of circumferentially oriented actin filaments was observed directly beneath the plasma membrane. In contrast to the conserved thickness, the width of the actin layer along the plasma membrane was more variable between species (from <1 mm to 20 mm). Myosin decoration indicates that the actin filaments within the contractile ring are of mixed polarity (Maupin and Pollard, 1986; Sanger and Sanger, 1980; Mabuchi et al., 1988; Kamasaki et al., 2007) . However, organization of actin filaments into sarcomere-like arrays has not been reproducibly observed. In vitro studies and biophysical considerations have suggested two alternative mechanisms that would not require a sarcomere-like filament organization. In the first mechanism, myosin is proposed to generate contractile stress in the context of homogeneous bundles of actin filaments of random orientation (Takiguchi, 1991; Tanaka-Takiguchi et al., 2004; Kruse and Jü licher, 2000; Kruse et al., 2001; Kruse and Jü licher, 2003) . In the second mechanism, contractile stress is proposed to arise from filament polymerization dynamics, in particular from actin filament depolymerization in the presence of end-tracking crosslinkers (Dogterom and Yurke, 1997; Mogilner and Oster, 2003; Dickinson et al., 2004; Zumdieck et al., 2007) .
A second important question is what happens to the structure and components of the contractile ring as it constricts. In a classic EM study in sea urchin embryos, the volume of the actin filament network was found to decrease as constriction proceeded (Schroeder, 1972) , indicating that the actin filaments disassemble as the ring gets smaller. EM analysis in the fission yeast S. pombe provided additional support for the idea that actin filaments shorten during ring constriction (Kamasaki et al., 2007) . Analysis of GFP-tagged ring components in S. pombe has suggested that different contractile ring components have different fates-the total amount of the actin-associated proteins Rng2p, Cdc15p, Cdc12p, and Ain1p in the ring decreased in proportion to the decrease in ring circumference, whereas the total amount of myosin in the ring remained constant (Wu and Pollard, 2005) . Fluorescence recovery after photobleaching (FRAP) studies on assembled rings in S. pombe revealed that Cdc4p (the myosin II essential light chain) and Cdc8p (the actin-associated protein tropomyosin) are both turning over rapidly (t 1/2 = 20-30 s; Pelham and Chang, 2002) .
A similar half-time has also been observed for labeled actin in the contractile ring in vertebrate cultured cells (Murthy and Wadsworth, 2005; Guha et al., 2005) . These studies have led to the idea that contractile ring components turn over rapidly relative to the rate of constriction.
A major goal of studies of the contractile ring is to incorporate information on structure and component dynamics into a biophysical model that recapitulates the kinetics of constriction. In S. pombe and the amoebic parasite E. invadens the contractile ring constricts at a constant rate, leading to a linear decrease in ring perimeter with time (Pelham and Chang, 2002; Biron et al., 2004) . During the first division of sea urchin and C. elegans embryos the contractile ring constricts at a constant rate for the majority (70%-90%) of constriction, after which the rate of constriction progressively slows (Mabuchi, 1994; Zumdieck et al., 2007) . Attempts to generate a biophysical model that recapitulates a constant rate of closure have been based on different assumptions and have consequently led to substan- tially different ideas for how constriction may be achieved (Biron et al., 2005; He and Dembo, 1997; Zumdieck et al., 2007) . Here we explore the inherent properties of the contractile ring by monitoring the fate of ring components during constriction and investigating how constriction scales with respect to initial ring size in the C. elegans embryo. Our results establish that the contractile ring progressively disassembles while retaining a structural memory that renders constriction time independent of its initial size. This design principle explains how mitotic events and the duration of cytokinesis are coordinated when cell size varies during embryogenesis and in other biological contexts. We propose a ''contractile unit'' model that accounts for both the structural memory and the proportional decrease in ring components during constriction.
RESULTS

Contractile Ring Constricts in Two Phases Whose Relative Contributions Depend on Initial Ring Size
To investigate how cytokinesis scales with cell size, we measured the kinetics of contractile ring closure during the first five divisions of the C. elegans embryo. Constriction was monitored in embryos coexpressing an RFP mCherry -labeled plasma membrane marker and a GFP fusion with the heavy chain of myosin II (NMY-2-GFP), which marks the contractile ring ( Figures 1A and 1B) . During the first two divisions (1/2 and 2/4 cells), the cells divide parallel to the imaging plane, providing a side view of the contractile ring ( Figure 1C and see Movie S1 available online). Because the contractile ring is circular during these divisions, ring perimeter was calculated from the diameter measured from a z-series acquired at each time point (see Supplemental Data A). During the subsequent three divisions (4/8, 8/16, and 16/32 cells), one or more cells divide along an axis perpendicular to the imaging plane, providing an ''end-on'' view of the ring ( Figure 1D and Movie S2). During these divisions, the contractile ring is not a perfect circle due to the presence of cell-cell contacts, so the perimeter was measured by tracing the outline of the ring. In the early embryo, cell volume decreases 2-fold during each sequential division; thus, the initial perimeter, measured prior to constriction onset, progressively decreases from 100 mm at the first division to 40 mm during the fifth division ( Figure 1E ). We compared ring closure profiles for the different divisions by monitoring constriction in embryos (n = 9-27) for each division and plotting mean ring perimeter versus time ( Figure 1F and Supplemental Data A and B). Times were assigned relative to the initial deformation of the cortex, which was the first point when a recognizable ingression was evident. The ring closure plots revealed that the duration of constriction is invariant between divisions ( Figures 1F and 1G) , implying that the larger rings in the earlier divisions constrict more rapidly than the smaller rings in later divisions. Plotting the constriction rate versus perimeter ( Figure 1H and Supplemental Data C) revealed that ring closure occurs in two phases-an initial phase at a constant constriction rate, followed by a second phase during which the constriction rate decreased in proportion to perimeter. During each successive division, the percentage of closure accomplished at a constant rate decreased, until by the fifth division, the constriction rate decreased in proportion to perimeter from the first point where it could be accurately measured ( Figure 1H and Supplemental Data D). Thus, during at least the first four embryonic divisions, contractile ring constriction occurs in two phases whose relative contributions change as a function of the initial size of the ring.
Transition from Constant to Decreasing Constriction Rate Occurs at a Fixed-Ring Perimeter and Requires the Spindle Midzone To characterize the transition between the two phases of cytokinesis, we calculated the mean constriction rate during the constant phase and fit the last 6 (1/2 and 2/4 cells) or 9 (4/8 and 8/16 cells) data points, during which the rate of constriction was declining, to a linear trend. We defined the transition point as the perimeter when the value of the linear equation was equal to the mean constant phase constriction rate (Figure 2A and Supplemental Data D) . This analysis revealed that the transition occurred at a perimeter of 19 mm during all first four divisions (Figures 2A and 2B ), indicating that it is controlled by a mechanism that is independent of initial ring size.
One mechanism that could account for the size independence of the transition is proximity of the constricting ring to the spindle midzone, a set of microtubule bundles that forms between the separating chromosomes during anaphase. The dimensions of the spindle midzone are determined by the segregating chromosome masses and are independent of initial cell size. To test this idea, we monitored constriction kinetics after depleting SPD-1, a microtubule bundling protein that is required for midzone bundle formation but does not prevent ring constriction (Verbrugghe and White, 2004; Figure 2C ). We chose the 4/8 cell stage because the transition occurs about halfway through constriction during this division. The transition from constant to decreasing closure rate did not occur in the SPD-1-depleted embryos, and the ring closed at a constant rate to completion ( Figure 2D ). These results indicate that the contractile ring has the potential to close at a constant rate to completion, but this intrinsic property is modulated when the spindle midzone is present. This explanation accounts for the differing relative contributions of the two phases: in large cells, the contractile ring closes at a constant rate for a larger percentage of constriction before encountering the midzone; as cell size decreases, the contractile ring forms in proximity to the spindle midzone, leading to constriction at a rate that decreases in proportion to perimeter soon after constriction onset ( Figure 2E ).
Constant Constriction Rate Is Proportional to Initial Ring Size during the First Four Embryonic Divisions
The initial perimeter of the contractile ring is significantly greater during the early divisions than during the later divisions. By contrast, the time required for the ring to constrict from its initial perimeter to 5 mm was remarkably similar for all five divisions ( Figure 1G ). The basis for this property is evident when the constant phase constriction rate is plotted versus initial perimeter-a clear proportionality is observed ( Figure 3A ). In addition, the linear fit relating the constant constriction rate to initial perimeter passes through the origin. Thus, if contractile rings closed to completion at a constant rate, all rings would close in the same amount of time irrespective of their initial size (closure time = 1/a, where a is the slope of the plot in Figure 3A ). However, due to the transition triggered by midzone proximity, contractile rings do not close to completion at a constant rate (Figure 2 ). The midzonedependent transition has two effects. First, the overall duration of cytokinesis includes the duration of the second phase, 1.386P TP /aP 0 (where P 0 and P TP are the initial and transition perimeters, respectively; see Supplemental Data E for details), as well as that of the constant phase. Second, the duration of the constant phase is shortened to 1/a-P TP /aP 0 because the rings constrict at a constant rate to the transition perimeter and not to completion. Because the duration of the second phase and the reduction in the duration of the constant phase are both P TP / aP 0 , the time required to complete constriction differs only slightly from 1/a, which is what it would be if there were no midzonedependent transition. Consequently, cytokinesis occurs in the same amount of time, independent of starting size. We note that because P TP /aP 0 is inversely proportional to initial perimeter, the relative contributions of the two phases do change with cell size; bigger cells take longer to reach the transition point but progress from the transition point to 5 mm more quickly, whereas smaller cells reach the transition point more quickly but take longer to go from the transition point to 5 mm ( Figure 2E ).
Our data indicate that the similar duration of cytokinesis is a consequence of the proportionality between the constant phase constriction rate and initial ring size. This inherent scalability of constant phase constriction is evident when the constriction rate per unit length is plotted versus decreasing perimeter for each division-the constriction rate per unit length progressively increases in proportion to the fold decrease in perimeter in a uniform fashion during all four divisions ( Figure 3B ).
Cumulatively, these results indicate that initial ring size determines the constriction rate throughout closure. Thus, the ability to retain a structural memory of its initial size is a fundamental mechanical property of the contractile ring that allows it to generate a barrier between the separated chromosomes in a similar time frame despite significant differences in starting size.
Constant Constriction Rate in the ABa Cell Is Proportional to Initial Ring Size When Embryo Size Is Varied
The constant phase constriction rate decreases in proportion to cell size during the first four embryonic divisions. However, developmental regulation or the presence of additional resistive forces During the first phase, the constriction rate is constant and ring perimeter decreases linearly with time. During the second phase, the constriction rate decreases linearly in proportion to perimeter and ring perimeter decreases exponentially with time. The transition between the two phases requires midzone microtubule bundles and occurs at a fixed perimeter independent of initial ring size.
resulting from the formation of new cellcell contacts, instead of cell size, could underlie the observed scaling. To exclude these alternatives, we examined how constriction scales with respect to initial cell perimeter within the context of a single cell division-the ABa division at the four-cell stage. We experimentally altered ABa cell perimeter using RNAi of the gonad-specific anillin homolog ani-2, which broadens the size distribution for the brood of embryos laid by the treated worm (Maddox et al., 2005) . Effectively, ani-2(RNAi) makes it possible to vary cell size, while keeping the developmental stage, cell geometry, and proportion of the surface in contact with other cells constant. The embryos laid by ani-2(RNAi) mothers were partitioned into three groups based on initial ABa cell perimeter, and the mean initial perimeter and mean constriction rate during the constant phase were determined for each group ( Figures  3C-3E ). This analysis revealed a linear proportionality between the constant phase constriction rate and initial cell perimeter that was very similar to that observed for the first four divisions in wild-type. These results strongly support the conclusion that the decrease in the constant closure rate during the first four embryonic divisions is due to the decrease in cell size.
Concentration of Three Structural Components of the Contractile Ring Remains Constant during Constriction
During the first phase of closure, constriction occurs at a constant rate as the ring decreases between 2-fold (16/32 cells) and 5-fold (1/2 cells) in size. To sustain the constant constriction rate, the constriction rate per unit length increases in proportion to the fold decrease in perimeter ( Figure 3B ). One mechanism to achieve this would be to keep the total amount of the motordriving movement in the ring constant as the ring decreases in size, leading to an increase in motor concentration and in the amount of force the motor generates per unit length. To test whether such a mechanism was operating, we monitored the fate of myosin II (NMY-2) along with two other structural components of the ring-the septins (UNC-59) and anillin (ANI-1)-during constriction.
We analyzed the amount of myosin, the septins, and anillin in the ring in the ABa cell at the 4/8 cell stage because ring constriction in this cell is partitioned evenly between the two phases, allowing the fate of components to be monitored during both phases. The NMY-2-GFP and GFP-UNC-59 fusions rescue mutations in the corresponding genes, confirming their functionality (Supplemental Data F and G); due to lack of a mutant, the functionality of the GFP-ANI-1 fusion has not been tested. During the ABa cell division, the contractile ring appears triangular, consisting of two ''sides'' where ABa contacts its two neighboring cells and a free circular arc that ingresses from the periphery toward the embryo center. All three probes concentrate in the contractile ring at the leading edge of the ingressing furrow. By contrast, the RFP mCherry probe, which is a fusion with a pleckstrin homology (PH) domain that binds to the phosphoinositide lipid PI4,5P2, is not enriched in the contractile ring ( Figures 4A-4C and Movie S3).
We quantified the fluorescence of each probe in the free arc throughout constriction ( Figure 4D and Supplemental Data H). This analysis revealed that the GFP fluorescence per unit length remained constant during the majority of constriction for all three probes, with only a slight increase at the end, when the perimeter became smaller than 10 mm. This increase was most pronounced for GFP-anillin, which increased 1.3-fold in concentration as the ring perimeter decreased from 18 to 5 mm during the second phase of constriction. To increase the dynamic range over which constant rate constriction can be monitored, we repeated our analysis in spd-1(RNAi) embryos ( Figure 2D ) and found that the concentration of all three markers remained between 0.8-fold (E) Mean constant phase constriction rate plotted versus mean initial perimeter for the small, medium, and large embryos defined in (D) (based on 64, 66, and 98 measurements in 9 small, 9 medium, and 16 large embryos, respectively). Error bars, 95% CI. and 1.2-fold of the average value over a 5-fold change in perimeter, from 50 to 10 mm ( Figure 4E ). Measurement of contractile ring width (Supplemental Data I-K) and thickness (Supplemental Data L) indicated that they do not change during constriction. We conclude that the amount per unit length of the motor myosin II as well as two structural components (the septins and anillin) does not change during constant rate constriction even though the rate of closure per unit length increases. Thus, myosin, the septins, and anillin all behave in an essentially identical fashion, with the total amount of each component in the ring decreasing in proportion to the decrease in ring perimeter, indicating that constriction is coupled to progressive disassembly of the contractile ring.
Myosin in the Contractile Ring Does Not Exchange Rapidly with Cytoplasmic or Cortical Pools during Constriction
The total amount of myosin, septins, and anillin in the contractile ring decreases during constriction in proportion to the decrease in ring perimeter. This decrease could be achieved by incorporation into the ring during assembly and progressive loss during constriction or by rapid turnover in combination with a decrease in the number of binding sites as the ring gets smaller. To distinguish between these possibilities, we performed fluorescence recovery after photobleaching (FRAP) experiments in strains expressing NMY-2-GFP ( Figure 5 and Supplemental Data M) and GFP-UNC-59 (Supplemental Data N). We generated kymographs to monitor the fate of the bleached region for both markers and quantified the recovery of NMY-2-GFP by measuring the average GFP signal per unit length within a curved box of constant width that included the bleached and flanking unbleached areas ( Figure 5C ). If myosin and septins in the contractile ring were exchanging rapidly with the cytoplasmic or cortical pools, the GFP signal in the bleached region should rapidly recover along its entire length. Alternatively, if there were only constriction-coupled disassembly, the recovery should be slow and the bleached region should get progressively smaller as constriction proceeded. Kymographs of the bleached regions for both NMY-2-GFP ( Figure 5B ) and GFP-UNC-59 (Supplemental Data N) exhibited a tornado shape, indicating that the bleached regions do not recover uniformly along their entire length due to rapid exchange with cytoplasmic or cortical pools, but instead progressively fill in from their ends. Quantification of the NMY-2-GFP signal supported this conclusion; instead of rapidly returning to its initial level, the NMY-2-GFP fluorescence per unit length only recovered to a small extent ( Figure 5D ). If filling in of the photobleached regions resulted exclusively from ring constriction, then over a 95 s interval, the gap should decrease by 50% in length. Instead, the gaps decreased in length more rapidly, typically disappearing within 60-90 s ( Figure 5B and Supplemental Data N). This result suggests that, although there does not appear to be much exchange of the myosin and septins in the contractile ring with cytoplasmic or cortical pools, there may be some lateral mobility of both components within the contractile ring. The lack of rapid turnover is consistent with the idea that the contractile ring is initially built and progressively disassembled in a manner that allows it to have a structural memory and complete constriction in a similar time frame regardless of initial size.
Contractile Ring Constriction Continues If Latrunculin A Is Added after Constriction Onset
The scaling of cytokinesis with cell size and the behavior of myosin and the septins suggests that the contractile ring is initially built and subsequently progressively disassembled without continuous turnover of its structural components. Because the formin-nucleated actin filaments in the contractile ring do not incorporate either GFP or chemically labeled actin subunits, we have been unable to directly test whether actin filaments are rapidly turning over. To analyze actin dynamics, we therefore took a different approach-acute treatment with latrunculin A after constriction onset (Figure 6 ). Latrunculin A prevents filament assembly by binding free actin monomer but does not affect existing filaments. If constriction required rapid actin turnover, latrunculin A treatment should immediately stop ingression. Conversely, if actin filaments are assembled as the ring forms and then progressively shortened during constriction, latrunculin A treatment should not stop ingression. To distinguish between these outcomes, we performed acute latrunculin A treatments on the first-to-divide cell(s) at the two-cell (AB) or four-cell stages (ABa and ABp, which initiate constriction simultaneously). The natural developmental asynchrony of the C. elegans embryo allowed the adjacent cells (P1 at the twocell stage; EMS and P2 at the four-cell stage), which initiate cleavage shortly thereafter, to serve as internal controls; if the treatment was successful, these cells should not assemble a contractile ring and initiate cytokinesis. Precisely timed drug addition is difficult in the C. elegans embryo because of the impermeable eggshell and the rapidity of the early divisions but, by adapting a protocol developed to remove the eggshell for blastomere cultures (Edgar, 1995) , we obtained unambiguous results on seven cells from four embryos. In all seven cells where we were successful at introducing the drug immediately after constriction onset, the ring continued to constrict even though the adjacent P1 (two-cell stage) and EMS/P2 (four-cell stage) cells in the same embryos exhibited no sign of contractile ring assembly (Figures 6B and 6C and Movie S4) . Cortical regions away from the contractile ring in the analyzed cells also exhibited clear abnormalities, confirming efficacy of the drug. Six of the seven cells successfully completed cytokinesis; in the remaining cell, the ring completed the majority of constriction but the point of connection with the adjacent cell (ABp) lost integrity and caused it to open back up. We note that, within the limited number of observed cells, the constriction rate of the latrunculin A-treated rings was slightly slower than that of similarly treated controls (closure completed in 380-600 s versus 300 s for controls). It is not clear why the constriction rate is slower, but we suspect this may be due to defects in cortical integrity outside the ring. We conclude that rapid actin turnover is not required for constriction. Instead, our results suggest that actin filaments are assembled as the ring forms and then progressively shorten during constriction.
DISCUSSION
Contractile Ring Inherently Constricts at a Constant Rate, but This Property Is Modulated by the Spindle Midzone During the early C. elegans embryonic divisions, contractile ring constriction occurs in two phases. The transition from constant to decreasing constriction rate occurs at a fixed-ring perimeter in all divisions and requires an intact spindle midzone ( Figure 2E ). The constriction rate may slow as the contractile ring comes into proximity to the spindle midzone due to a physical barrier or to signaling by the microtubule bundles. We speculate that slowing constriction contributes to the cytokinesis fidelity-communication between the spindle midzone and the contractile ring late in constriction could ensure that the ring closes precisely around the microtubule bundles at the midpoint between the separated chromosomes.
Our experiments indicate that the contractile ring has the potential to close at a constant rate to completion. This conclusion runs counter to a previous model, which postulated that constriction cannot complete at a constant rate due to a progressive increase in actin filament density (Biron et al., 2005) . Closure at a constant rate has been documented in lower eukaryotes, including S. pombe (Pelham and Chang, 2002) , the amoeba E. invadens, and, under some conditions, Dictyostelium discoideum (Biron et al., 2004) . Thus, the intrinsic ability to close at a constant rate is a broadly conserved feature of the contractile mechanism, which in animal cells is modulated by proximity to the spindle midzone.
Constancy of Contractile Ring Structure during Constriction
Our analysis reveals that component concentration in the contractile ring, as well as ring width and thickness, remain constant as the perimeter decreases, despite the increase in constriction rate per unit length. These findings exclude the possibility that an increase in the concentration of the force-generating motor myosin II is responsible for the increase in constriction rate per unit length during the constant phase. In contrast to C. elegans embryos, in S. pombe, myosin II increases in concentration in proportion to the decrease in perimeter (Wu and Pollard, 2005) . Ring closure in S. pombe is 403 slower (0.5 mm/min versus 20 mm/min during the first division of the C. elegans embryo), occurs over a significantly smaller distance (10 mm in S. pombe versus 100 mm during the first division of the C. elegans embryo), and is coupled to synthesis of cell wall material to form a septum. These factors may underlie the observed difference.
The photobleaching analysis indicates that myosin II in the ring exhibits little or no exchange with cortical or cytoplasmic pools during constriction. This result is consistent with the idea that the contractile ring is built and progressively disassembled during constriction, and is in marked contrast to the currently prevalent idea that contractile ring components turn over rapidly relative to the constriction rate. In S. pombe, Cdc4p (the myosin II essential light chain) and Cdc8p (the actin-associated protein tropomyosin) both turn over rapidly (t 1/2 = 20-30 s) in the contractile ring (Pelham and Chang, 2002) , which may reflect a difference in the dynamics of contractile ring components between C. elegans and fission yeast. Alternatively, the dynamics of Cdc4p and Cdc8p may not reflect those of the underlying myosin and actin filaments, or, because the fission yeast photobleaching study was performed prior to constriction, the onset of constriction may bring about a change that renders ring components less dynamic.
We have been unable to monitor actin dynamics in C. elegans because the formin-nucleated actin filaments in the contractile ring do not incorporate either GFP or chemically labeled actin subunits (unpublished data), consistent with a prior report in S. pombe (Wu and Pollard, 2005) . Rapid turnover has been reported for labeled actin in the cleavage furrow of cultured vertebrate cells (Murthy and Wadsworth, 2005; Guha et al., 2005) . The measured half-time for recovery (30 s) is similar to that reported for Arp2/3-nucleated actin arrays (Theriot and Mitchison, 1991; Theriot et al., 1992) . This similarity, coupled with the difficulty of incorporating labeled subunits into forminnucleated filaments, leads us to suspect that the rapid dynamics observed in prior work represents Arp2/3-nucleated actin in the furrow region and not the formin-nucleated actin filaments in the contractile ring. Based on our analysis of component fates and turnover during constriction, the structural memory of initial ring size, and the results of latrunculin A treatment after constriction onset, we propose that the contractile ring is not turning over rapidly but is instead progressively disassembled in a constriction-coupled manner.
A Model to Explain Structural Memory in the Contractile Ring
Our results indicate that there is built-in scalability of contractile ring constriction. This scalability arises from the proportionality between the constant phase constriction rate and initial ring size (Supplemental Data E). To explain this structural memory as well as the constant closure rate, we propose a model (Figure 7 ) based on three assertions: (1) a series of contractile units are incorporated into the ring at the time of its assembly; (2) the contractile units are of fixed size so that larger rings contain a proportionally greater number of units than smaller rings; and (3) during constriction, each unit shortens at the same constant rate, causing larger rings composed of more units to constrict at a proportionally faster constant rate than smaller rings composed of fewer units. A key aspect of this model is that the decrease in ring perimeter is accomplished by unit shortening rather than by loss of units. This ''contractile unit'' model explains the structural memory as well as the constant constriction rate during the first phase of ring closure and is consistent with our data on contractile ring component dynamics.
Two important questions raised by the proposed model are the nature of the putative contractile units and the mechanism of their shortening. EM performed on cultured HeLa cells (Maupin and Pollard, 1986 ) and on cleavage furrows isolated from newt embryos (Mabuchi et al., 1988) suggested that the actin filaments in the contractile ring are organized into small bundles, which could represent the contractile units (incorporated into the model in Figure 7B ). Within the bundles, the actin filaments appeared to be interdigitated with thicker filaments that, based on their dimensions, could be filaments of myosin II. Maupin and Pollard (1986) found that during constriction, neither the diameter of the bundles nor the number of filaments in the bundles (counted in cross-section) changed substantially. Based on these results, they proposed that the individual actin filaments that make up the bundles shorten during constriction, most likely without being lost. The results of latrunculin A treatment after constriction onset that we report here support the idea that actin filaments assemble when the ring forms and then progressively shorten during constriction.
Our model proposes that the constant constriction rate is derived from the constant shortening rate of individual contractile units. An attractive mechanism to explain this property of the units is actin filament depolymerization. Actin filaments shorten from their ends at a constant rate that is independent of their length. Thus, coupling unit shortening to actin filament depolymerization would explain how the contractile ring maintains a constant constriction rate despite its decreasing circumference ( Figure 7B ). We note that actin filament depolymerization could limit the constriction rate irrespective of whether depolymerization itself (Dogterom and Yurke, 1997; Mogilner and Oster, 2003; Dickinson et al., 2004; Zumdieck et al., 2007) or an actin-myosin sliding filament-type mechanism provides the force that drives constriction. contractile unit'' model explains the proportionality between initial ring size and constant phase constriction rate as well as the ability of the ring to retain structural memory of its initial size as it disassembles. In this model, contractile rings assemble from contractile units of fixed size. Consequently, bigger rings incorporate proportionally more units. During constriction, each unit shortens at a constant rate, so initially larger rings composed of more units constrict at a proportionally faster constant rate than smaller rings composed of fewer units. This organization renders constriction perfectly scalable; the duration of constriction is independent of initial ring size and depends only on the unit-shortening properties. We illustrate this schematically for rings of three initial sizes that constrict at a constant rate to completion assuming a single layer of units with a hypothetical length of 10 mm. (B) Schematic representation of the putative contractile unit as a bundle of actin filaments interdigitated with bipolar filaments of the motor myosin II. The rate of contractile unit shortening is dictated by the rate of actin filament depolymerization, which reduces the number of binding sites for myosin II, anillin, and the septins. Because the number of actin filaments in the bundle remains constant, contractile units maintain a constant rate of shortening despite their decreasing length.
Our model predicts the presence of ''unit delimiters''-components whose total amount scales with the number of units in the ring rather than ring perimeter. Such unit delimiters should exhibit a behavior different from that which we document here for myosin II, the septins, and anillin-they should stay constant in amount, and therefore increase in concentration during constriction. Potential candidates for the unit delimiters include the formins or proteins that cap the ends of actin filaments and/or act as end-tracking crosslinkers.
In summary, we have demonstrated that the contractile ring exhibits a remarkable property that renders the time required for constriction independent of the initial size. Biologically, this is likely to be very important. During the successive divisions that partition the egg cytoplasm during embryogenesis, the dimensions of the chromosomes remain constant, whereas the distance that the contractile ring needs to traverse to reach them varies with each division. The mechanism we outline here would allow the ring to reach the midpoint between the chromosomes in the same amount of time irrespective of the initial size of the ring, thereby coordinating cell cycle progression with cytokinesis.
EXPERIMENTAL PROCEDURES
C. elegans Strains
Strain genotypes are listed in Table S1 . Strains coexpressing GFP-labeled contractile ring markers along with the RFP mCherry plasma membrane probe were generated by mating OD70 (Kachur et al., 2008) to JJ1473 (NMY-2-GFP; Nance et al., 2003) , OD26 (GFP-UNC-59; Maddox et al., 2007) , or OD38 (GFP-ANI-1; Maddox et al., 2007) , respectively. Strains expressing GFP-ANI-1 were kept at 25 C. All other strains were kept at 20 C. Latrunculin A treatment was performed as described in Supplemental Data O.
RNA Interference dsRNAs were prepared as described (Oegema et al., 2001) 
Live Imaging
Embryos were mounted as previously described (Oegema et al., 2001 ) and imaged at 21 C using a 603 1.4 NA PlanApochromat lens on a spinning disk confocal mounted on a Nikon TE2000-E inverted microscope equipped with a krypton-argon 2.5 W water-cooled laser (Spectra-Physics, Mountain View, CA) and either an electron multiplication back-thinned charge-coupled device camera (iXon; Andor Technology) or a Hamamatsu Orca ER CCD camera. Acquisition parameters, shutters, and focus were controlled by MetaMorph software (Molecular Devices, Downington, PA). Exposure times were 100 and 200 ms for GFP and RFP images, respectively (laser power = 0.8 W).
For FRAP experiments, the 488 nm laser line was steered into a custom-modified epifluorescence port, creating a spot with a full width at half-max of 800 nm in the objective focal plane. The exposure time for the bleach was 50 ms (laser power = 0.8 W).
Measurement of Contractile Ring Perimeter and Constriction Rate
During the 1/2 and 2/4 cell divisions, an 11 3 2.5 mm GFP z-series was collected every 20 s, and contractile ring perimeters were calculated from the maximum measured diameter. During the 4/8, 8/16, and 16/32 cell divisions, a 10 3 1 mm GFP/RFP z-series was collected every 24 s, and contractile ring perimeter was measured by manually tracing the outline of the contractile ring in maximum intensity projections of the z-stacks. Data from multiple embryos were pooled, averaged, and time aligned with respect to the initial deformation of the cortex. The rate of constriction was calculated for pairs of consecutive time points by dividing the difference in perimeter by the time interval. Graphs of the mean rate of constriction versus perimeter were generated by pooling the individual rate measurements from all imaged embryos and plotting the mean rate for the data points falling in overlapping 6 mm intervals against the perimeter at the center of each interval.
Measurement of GFP Fluorescence in the Contractile Ring
The mean GFP fluorescence per unit length was quantified in maximum intensity projections by drawing a curved box of constant width over the arc, avoiding the cell-cell contacts, for each time point and subtracting the mean background fluorescence (measured in a 10 pixel diameter circle drawn over the cytoplasm in the center of the ring). Data from multiple embryos were pooled to generate plots of GFP fluorescence per unit length versus perimeter after normalizing individual measurements by dividing by the mean GFP intensity for the series of measurements made in that embryo.
Measurement of Myosin II Turnover
A portion of the NMY-2-GFP contractile ring (3-4 mm in length) was photobleached, and 3 3 0.5 mm z-series were collected every 5 s before and after the bleach. Maximum projections were generated and a box of variable length and constant width was drawn over the GFP arc encompassing the bleached region and the flanking regions for each time point. The mean GFP fluorescence per unit length within the box was quantified, and the mean background fluorescence (measured in a 10 pixel diameter circle drawn over the cytoplasm in the center of the ring) was subtracted. Data points from 14 bleached embryos were pooled after normalizing the values within each series by dividing by the average GFP signal within the box prior to photobleaching.
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